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Summary
The ubiquitous MRG/MORF family of proteins is in-
volved in cell senescence, or the terminal loss of prolif-
erative potential, amodel for aging and tumor suppres-
sion at the cellular level. These proteins are defined by
thew20 kDaMRGdomain that binds a plethora of tran-
scriptional regulators and chromatin-remodeling fac-
tors, including the histone deacetylase transcriptional
corepressor mSin3A and the novel nuclear protein
PAM14, and they are also known components of the
Tip60/NuA4 complex via interactions with the MRG
binding protein (MRGBP). We present here the crystal
structure of a prototypic MRG domain from human
MRG15 whose core consists of two orthogonal helix
hairpins. Despite the lack of sequence similarity, the
core structure has surprisingly striking homology to
a DNA-interacting domain of the tyrosine site-specific
recombinasesXerD, l integrase, andCre. Site-directed
mutagenesis studies based on the X-ray structure and
bioinformatics identified key residues involved in the
binding of PAM14 and MRGBP.
Introduction
Normal somatic cells enter an irreversible nondividing
state after a limited number of cell divisions in culture.
This process, referred to as replicative senescence, is
the terminal loss of proliferative potential exhibited by
somatic cells in culture as a result of replicative exhaus-
tion. Senescence is considered a model system for un-
derstanding the effects of aging at a cellular level in
vivo, as well as a protective mechanism for tumor sup-
pression (Smith and Pereira-Smith, 1996). An effort to
identify senescence-related genes in humans led to the
discovery of a novel gene, MORF4 (mortality factor on
chromosome 4), which induces a senescent phenotype
when introduced into some immortal human cell lines
*Correspondence: faq@bcm.tmc.edu
3 Present address: Department of Chemistry and Chemical Biology,
Harvard University, Cambridge, Massachusetts 02138.(Bertram et al., 1999). Molecular characterization of
MORF4 led to the further discovery of six additional hu-
man genes that belong to this novel gene family (MRG/
MORF family). The two other predominant members of
the MRG family, MRG15 (MORF4-related gene on chro-
mosome 15) and MRGX (MORF4-related gene on chro-
mosome X), are transcribed at high levels in all human
tissues and cell lines tested (Bertram and Pereira-Smith,
2001). The other four members (MRG1, MRG4, MRG5,
and MRG11) have characteristics of pseudogenes.
MORF4 (26 kDa), MRG15 (37 kDa), and MRGX (32 kDa)
proteins are localized within the nucleus of cells, share
several structural domains/motifs, including a nuclear
localization signal (NLS) and a novel large C-terminal do-
main or MRG domain (Bertram et al., 1999; Bertram and
Pereira-Smith, 2001), and have a high degree of amino
acid identity (96% within thew170 amino acid MRG do-
main) (Figure 1A). MRG15 is the largest of the members
of MRG protein family and the only one that also con-
tains an N-terminal chromodomain. MRG15 is of partic-
ular interest as it is expressed in a wide variety of human
tissue types and is conserved across multiple species,
including flies, worms, yeast, and plants, suggesting
its importance in many cellular processes (Bertram
and Pereira-Smith, 2001). Moreover, it shares a high de-
gree of sequence similarity (60%) to the Msl-3 (Male-
specific lethal 3) protein fromDrosophila over its entirety
(Bertram and Pereira-Smith, 2001). Msl-3 acts as part of
a multimeric complex that binds to hundreds of specific
sites on the male X chromosome and induces hypertran-
scription through modification of the chromatin struc-
ture (Bashaw and Baker, 1996). Although the sex dosage
compensation is different in humans and flies, MRG15 is
similar to Msl-3 in that it is part of a multimeric complex
associated with the chromatin (Cai et al., 2003; Leung
et al., 2001; Pardo et al., 2002; Yochum and Ayer, 2002).
Additionally, MRG15 knockout mice are embryonic le-
thal and exhibit developmental delay (Tominaga et al.,
2005). The MRG15 null embryos appear anemic, charac-
terized by a decrease in a-globin expression. Chromatin
immunoprecipitation (ChIP) analysis on the MEL (mouse
erythroleukemia) cell model determined that MRG15 as-
sociates with a fragment of the a-globin promoter in
uninduced cells. The amount of MRG15 protein in this
region increased postinduction with DMSO and prior
to expression of globin RNA, suggesting that MRG15
plays an essential role in remodeling chromatin struc-
ture, thus affecting gene transcription (Tominaga et al.,
2005).
MRG15 has been shown to associate with a variety of
other nuclear proteins in at least two mutually exclusive
complexes named MAF1 and MAF2 (MRG15-associated
factors 1 and 2, respectively) (Pardo et al., 2002). The
MAF2 complex is formed from the interaction primarily
mediated through the N-terminal chromodomain of
MRG15 with hMOF (humanmale absent on first), a mem-
ber of the MYST family of the HAT (histone acetyltrans-
ferase) superfamily. The interactions that make up the
MAF1 complex, which are more numerous, are medi-
ated through the C-terminal MRG domain. Proteins
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Figure 1. Sequence Comparison and Crystal
Structure of the MRG Domain
(A) Sequence alignment of the MRG domains
from the human members of the MRG family
of proteins. Green represents sequence iden-
tity, and yellow/blue represent sequence sim-
ilarity. The numbers correspond to the amino
acid positions in their respective polypeptide
chains. The crystal structure secondary struc-
ture elements aligned above the sequence are
colored red for a helices, blue for b sheet
strands, and black for loops. The dotted,
black line represents the disordered basic
loop.
(B) Stereoview of the ribbon representation of
the backbone structure. The secondary struc-
ture elements are colored as in (A). N and C la-
bels identify the amino- and carboxy-terminal
ends, respectively.that interact with the MRG domain (directly or indirectly)
include the novel nuclear protein PAM14 (protein-asso-
ciated MRG, 14 kDa) (Leung et al., 2001), the tumor sup-
pressor retinoblastoma (Rb) (Leung et al., 2001), the his-
tone deacetylase (HDAC) containing transcriptional
corepressor mSin3A (Yochum and Ayer, 2002), and the
plant homeodomain zinc finger protein Pf1 (Yochum and
Ayer, 2002). Additionally, MRG15 has been shown to be
a protein component of the Tip60/NuA4 complex, which
has been extensively characterized in yeast and human
cells and a number of interacting partners identified, in-
cluding a MRG binding protein (MRGBP), the ATM/Pi3
kinase-related TRRAP protein, and the DNA methyl-
transferase-associated protein DMAP1 (Cai et al., 2003;
Doyon et al., 2003; Taubert et al., 2004). MRG15 and
Tip60 have been implicated as essential components
for the acetylation that allows for selective histone vari-
ant exchange at DNA lesions in Drosophila (Kusch et al.,
2004). This suggests that MRG15 might act as an oscil-
lator, recruiting both HATs and HDACs to chromosomal
regions (Nakayama et al., 2003).
The defining characteristic of all MRG proteins is the
presence of the highly conserved MRG domain
(Figure 1A). As described above, it is the docking site
for the largest number of interactions with partner pro-
teins. The domain is predicted to consist of a series of
a helices, with the last helix purported to be a leucine
zipper (Bertram et al., 1999). As a first step in under-
standing the function of the MRG family of proteins at
the atomic level and their roles in regulating cell senes-
cence and proliferation, transcription, and chromatin re-
modeling, we have determined the crystal structure of
a prototypic MRG domain from human MRG15. This
structure revealed a surprising structural homology to
the core binding domain from the integrase family of
tyrosine site-specific recombinases, suggesting a pre-
viously undetected DNA interaction capability. Site-
directed mutagenesis studies based on the combinationof the crystal structure with bioinformatics analyses
identified key residues involved in the interaction with
PAM14 and the MRGBP, thus providing insights into
the structure/function relationships of this important
domain.
Results and Discussion
Crystal Structure
The crystal structure of the 20 kDa MRG domain was de-
termined by multiwavelength anomalous dispersion
phasing and was refined to 2.3 A˚ resolution (Table 1).
The domain has a tent-like structure with a height of
28 A˚ and a base of 36 A˚3 25 A˚ (Figure 1B). The structure
is, as predicted, composed almost entirely of six a heli-
ces. However, contrary to previous suggestion (Bertram
and Pereira-Smith, 2001), these helices are not arranged
as a series of helix-loop-helix motifs. Instead, the core of
the domain structure consists of four helices that form
two sets of antiparallel helices (aB and aC and aE and
aF) or helix hairpins that are orthogonal to each other
(Figure 1B). Linking the two helix hairpins between the
aC and aE helices is a long meandering 32 residue seg-
ment punctuated by helix aD. Helix aD, together with he-
lix aA, are appendages to the core structure. The highly
basic loop connecting aB and aC (Figure 1) was disor-
dered, indicating its flexibility. The last leucine-rich helix
(aF) (Figure 1A) was thought to be a leucine zipper (Ber-
tram and Pereira-Smith, 2001), but it does not form a
coiled-coil zipper-like interaction with any helix within
the domain (Figure 1B) or between molecules within the
crystal lattice (data not shown). Rather, several of
the leucines in aF make hydrophobic interactions with
the other nearby helices contributing stability to the
core (see below). The 13 residue N-terminal loop diago-
nally flanks the pair of helices of the second hairpin. He-
lix aA and the 22 residue long C-terminal loop form one
side of the tent-like domain. Short segments of the loop
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153between aB and aC and the C-terminal loop are en-
gaged in a minimal antiparallel, two-stranded sheet (b1
and b2, respectively). Both the N and C termini, along
with aD, are located in the base of the domain.
MRG Domain Structural Homology to a DNA
Binding Domain
A search for overall structural similarities against the
DALI database (Holm and Sander, 1995) found a geomet-
rical match with the core binding (CB) domain from three
members of the integrase family of site-specific recom-
binases, XerD, l integrase, and Cre. The statistical match
with the XerD structure was the most significant, with
a ‘‘Z’’ score of 5.4 (PDB ID 1A0P) (Subramanya et al.,
1997). A closer examination of the structural overlap be-
tween the two proteins revealed that the four helices (aB,
aC and aE, aF) of both helix hairpins of the MRG domain
superimpose with the first four helices (aA, aB and aC,
aD, respectively) of the XerD CB domain with an rms de-
viation of 2.8 A˚ (Figures 2A and 2C). The homology is
shared over 77 residues, although there are 2 disordered
loops (201–211 in MRG and 64–70 in the XerD) that could
increase the number of conserved regions had their
counterparts been seen in their respective structures.
In contrast to XerD, in which the motif is made of four
contiguous helices (aA–aD), an additional helix (aD) is in-
serted between the two helix hairpins within the MRG do-
main. In addition to helix aD, neither the N-terminal 38
residue segment with helix aA nor the C-terminal 20 res-
idue loop overlapped with any part of the XerD structure.
Table 1. Crystallographic Data
Data Collection and Phasing
SeMet MRG Domain
Nativea Inflection (l1) Peak (l2)
Beamline APS-19ID APS-BM19 APS-BM19
Wavelength (A˚) 0.97916 0.97963 0.97955
Resolution maximum (A˚) 2.3 2.4 2.8
Total reflections 96,601 56,542 37,793
Unique reflections 17,534 25,563 17,110
Completenessb (%) 99.5 (100) 83.5 (48.8) 87.7 (86.9)
Redundancyb 5.5 (5.4) 2.2 (1.8) 2.2 (2.1)
<I>/<s(I)>b 13.9 (6.0) 11.8 (3.0) 12.7 (3.3)
Rsym
b,c 4.5 (23.0) 4.3 (21.3) 5.0 (23.5)
Figure of merit 0.56
Refinement
Resolution (A˚) 50–2.3
Rcryst/Rfree (%)
d 23.6/26.9
Average B factor (A˚2)e 36.9
Rms deviation from ideal
Bond length (A˚) 0.007
Bond angles (º) 1.5
Dihedral angles (º) 20.1
Improper torsion
angles (º)
0.94
a Space group: R3; unit cell: a = b = 111.2 A˚, c = 84.7 A˚, a = b = 90º, g =
120º.
b Values in parentheses are for the outer resolution shell.
c Rsym = ShkljIhkl 2 <Ihkl>j/Shkl Ihkl.
d R factor = ShklkFoj 2 jFck/Shkl jFoj, where jFoj and jFcj are the ob-
served and calculated structure factor amplitudes for reflection
hkl, applied to the work (Rcryst) and test (Rfree) (5% omitted from re-
finement) sets, respectively.
e The average B factor was calculated for all nonhydrogen atoms.In addition to the XerD structure, DALI also identified
similar structural matches, albeit statistically less signif-
icant, with the l integrase (Z score 5.0; PDB ID 1Z1B
(Biswas et al., 2005) and to another integrase family
member, Cre, from bacteriophage P1 (Z score 2.7; PDB
ID 4CRX) (Guo et al., 1999). Analysis of the overlapped
structures reveals that, as in the case of XerD, the helix
hairpins of the l integrase CB domain overlap very well
with the corresponding helices in the MRG domain
(data not shown). In Cre, aB, and aD superimpose very
well with aC and aF, respectively, from the MRG domain
(Figures 2B and 2C). Additionally, aC from Cre matches
with aE from MRG, although the aE in MRG is ‘‘tucked’’
more inward than aC is in Cre. Also, aA in Cre is only
loosely associated with the domain and therefore does
not superimpose with aB from MRG or aA from XerD, al-
though it is topologically similar to them both. As in XerD,
the meandering loop that contains aD from MRG does
not have a counterpart in either the l integrase or the
Cre structures.
The >100 member integrase family of recombinases
are C-shaped, two-domain proteins that catalyze
a range of microbial DNA rearrangements through a cat-
alytic tyrosine residue (Guo et al., 1999; Nunes-Duby
et al., 1998; Subramanya et al., 1997). Typically, these
enzymes act in concert with other proteins. For in-
stance, XerD requires another protein, XerC, to carry out
its function; however, other members such as Cre do not
require accessory proteins. DNA binding occurs in
a clamp-like fashion in which the N- and C-terminal do-
mains position themselves on opposite sides of the DNA
double helix (Guo et al., 1997). The C-terminal (CAT) do-
main harbors the catalytic activity as well as provides
the sequence-specific DNA recognition to the outer re-
gions of the recombination site. It also participates in in-
termolecular interactions among other recombinase
monomers to ensure the proper coordination of cataly-
sis. The N-terminal core binding (CB) domain partici-
pates in intermolecular interactions between recombi-
nase monomers as well, and it binds to the inner
segment of the core palindromic recognition site. The
CB domain interaction with the DNA is quite limited,
binding with much less buried surface area and fewer
contacts than the CAT domain (Guo et al., 1997, 1999);
in fact, CB deletion mutants of XerD still bind to the
DNA (Ferreira et al., 2001). However, the CB domain is
needed for recombination, as CB domain deletion mu-
tants fail to mediate a complete recombination reaction,
due in part to their inability to form higher-order recom-
binase-DNA complexes (Ferreira et al., 2001). This sug-
gests that the CB domain plays a critical role in mediat-
ing protein-protein interactions.
Helix aF Mediation of Protein-Protein Interactions
As mentioned above, helix aF in all mammalian MRG
family members has the consensus for a leucine zipper
partner (L-6x-L-6x-L-6x-L). In fact, aF contains a heptad
of leucines, including residues L284, L286, L287, L288,
L291, L295, and L298 (Figures 1A, 3A, and 3B). Based
on previous mutational studies (Leung et al., 2001; Tomi-
naga et al., 2003), and given the propensity for leucine
zippers to participate in protein-protein interactions, it
was predicted that this region may play a role in mediat-
ing interactions either with itself or with its several
Structure
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Figure 2. Structural Similarity of the MRG Do-
main to the Core Binding Domain of the Inte-
grase Family of Site-Specific Recombinases
(A) Superposition of the CB domain from
XerD (blue) onto the MRG domain (red). The
labels N and C (shown also in [B]) correspond
to the amino and carboxy termini, respec-
tively. Secondary structure elements are la-
beled for only the MRG domain. The inserted
helix aD in the MRG domain is colored in
green. The N- and C-terminal regions from
MRG (Figure 1B) not found to be homologous
to the XerD structure were omitted for clarity.
(B) Superposition of the CB domain from Cre
(gray) onto the MRG domain (red). Secondary
structure elements are labeled for only the
MRG domain. The inserted helix aD is colored
in green. Regions from MRG and Cre not
found to be homologous were omitted for
clarity.
(C) Topology diagram illustrating the regions
of structural overlap with the same color
scheme as in (A) and (B). The dashed lines
represent disordered loops.protein partners (Bertram et al., 1999; Bertram and
Pereira-Smith, 2001).
In order to test this hypothesis, single leucine-to-
alanine mutations were generated in HA-tagged MRG15
at residues 284, 286, 287, 288, 291, 295, and 298. Follow-
ing transfection of wild-type and mutant cDNAs, it was
found that binding to endogenous PAM14 was not af-
fected by these mutations (Figure 4A). Moreover, single
mutation of L286 and H292 in aF to arginine did not affect
PAM14 binding (data not shown). In contrast, the inter-
action of MRG15-HA with the MRGBP was reduced in
the L287A and L288A mutations and was significantly re-
duced in the L291A mutation (Figure 4B). This result is
surprising, as these leucine residues are somewhat bur-
ied in the structure (Figure 3C). These mutations must
cause some conformational change within the local
environment that interferes with MRGBP binding. The
dramatic effect on MRGBP binding by these point muta-
tions is highly suggestive that MRGBP binds in and
around this area of the MRG domain. Based on these
mutational studies, it appears that PAM14 does not
bind to aF. Previous work had suggested that PAM14
L298
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F267
A
C
B Figure 3. Analysis of Leucine Accessibility in
the Leucine Heptad of Helix aF
(A) View of the hydrophobic and aromatic res-
idues of the interface created by helices aE
and aF as well as the N-terminal loop of the
MRG domain. The leucine side chains of the
aF leucine heptad are colored blue. Key resi-
dues that have hydrophobic interactions with
the leucine heptad are colored gray. The re-
maining aromatic and hydrophobic side
chains of the interface are colored green.
(B) 90º rotation about a vertical axis of the
view shown in (A).
(C) Bar graph illustrating the results of the ac-
cessibility calculation for all of the residues of
aF. The residue accessibility is reported as
a percentage of accessibility in the protein
versus ‘‘free’’ in isolation. The leucines of
the aF heptad are marked with asterisks.
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155Figure 4. Effect of Leu-to-Ala Mutations in
Helix aF on the Interaction of hMRG15 with
hPAM14 and hMRGBP
(A) Coimmunoprecipitation assay to monitor
the interaction between hMRG15 mutants
and hPAM14. HeLa cells were cotransfected
with hPAM14 and hMRG15HA point mutant
constructs. hMRG15HA in total cell lysates
was immunoprecipitated with 2 mg mouse
anti-HAantibody,andhPAM14andhMRG15HA
were detected by Western blot with rabbit anti-
PAM14 or rabbit anti-HA (for hMRG15HA), re-
spectively.
(B) Coimmunoprecipitation assay to monitor
the interaction between hMRGBP and
hMRG15 mutants. HeLa cells were cotrans-
fected with hMRGBP/Myc and hMRG15HA
point mutant constructs. hMRG15HA in total
cell lysates was immunoprecipitated with 2
mg rabbit anti-HA antibody, and hMRGBP/
Myc and hMRG15HA were detected by West-
ern blot with mouse anti-Myc (for hMRGBP/
Myc) or mouse anti-HA (for hMRG15HA), re-
spectively. In all cases, 5% input was the per-
centage of cell lysate used for immunoprecip-
itation.binds to aF, as its deletion abrogated PAM14 binding
(Leung et al., 2001). However, as evidenced by the crys-
tal structure of the MRG domain, aF is a ‘‘core’’ helix
forming one quarter of the orthogonal helix hairpin fold.
Deletion of this helix probably causes gross structural
changes that could prevent the binding of PAM14 to
any region of the protein. Therefore, the phenotype seen
in the aF deletion mutant is probably a result of a struc-
tural defect and is not indicative of the PAM14 binding
site.
Binding Sites through Evolutionary Trace Analysis
In an attempt to identify and localize important functional
sites within the MRG domain, an evolutionary trace (ET)
analysis was done on a multiple sequence alignment of
the MRG domains from all (w70) MRG domain-contain-
ing proteins. The ET method identifies functionally im-
portant residues from sequence conservation among
homologous proteins and maps them onto a representa-
tive structure (Lichtarge and Sowa, 2002). The most im-
portant residues, class-specific residues, are those that
are invariant among a particular protein subgroup (i.e.,
most related), but vary from subgroup to subgroup.
Clustering of the class-specific residues on a structure
is indicative of a functional site, as changes in the amino
acid composition correlate with evolutionary divergence
and functional specificity.
The ET analysis of the MRG domain identified a large
cluster (cluster 1) of class-specific residues of particular
interest. Cluster 1 consists primarily of residues located
on the first helix hairpin consisting of helices aB and the
proximal end of aC (Figure 5). These data correlate well
with previous deletion mutant work on MRG15, as well
as with additional work on the corresponding regions
in the CB domain of the recombinases, which has impli-
cated this region as important for mediating protein-
protein interactions. More specifically, a deletion mutant
of the MRG domain from MRG15, residues 94–227
(mapped to aA, aB, and aC of the MRG domain crystal
structure, Figure 1), is able to bind to mSin3A and represstranscription (Yochum and Ayer, 2002). A deletion mu-
tant containing residues 94–150 did not bind to mSin3A
(Yochum and Ayer, 2002), suggesting that the binding
site for mSin3A is within residues 151–227, which is a
significant overlap with the residues in cluster 1. The cor-
responding helices in XerD (aA and aB) form an interface
similar to cluster 1 (aB and aC in MRG) and have been
proposed as the binding sites for the XerC protein
(Ferreira et al., 2001). Also, when Cre is bound to DNA,
aA (aB in MRG) forms intermolecular interactions with
another Cre molecule (Guo et al., 1997, 1999), again dem-
onstrating that this region is important in protein-protein
interactions.
A B
11
Figure 5. Evolutionary Trace Analysis
(A) Space-filling model of the MRG domain with colored residues
identified by evolutionary trace (ET) (see text). Yellow represents
class-specific exterior residues, and red represents class-specific
internal residues. Cluster 1 is circled and identified with a ‘‘1.’’ The
molecule orientation is a 90º counterclockwise rotation from the
tent-like orientation shown in Figure 1B.
(B) Results in (A) are depicted in the ribbon trace of the MRG domain
structure. Orientation, labels, and color scheme are the same as
in (A).
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156Figure 6. Effect of Mutations in Helices aA,
aB, and aC of Human hMRG15 on the Interac-
tion with hPAM14 and hMRGBP
(A) Coimmunoprecipitation assay to monitor
the interaction between hPAM14 and hMRG15
mutants. The assay is identical to that briefly
described in Figure 4 (see Experimental Pro-
cedures).
(B) Coimmunoprecipitation assay to monitor
the interactionbetweenhMRGBPandhMRG15
mutants. The assay is identical to that briefly
described in Figure 4 (see Experimental Pro-
cedures).
(C) Ribbon representation of the MRG domain
illustrating the location of the residues mu-
tated in (A) and (B) in the context of the
three-dimensional structure (green). The ori-
entation of the molecule is identical to that in
Figure 5B. The asterisk denotes residue
Y212, which was disordered in the crystal
and whose exact position cannot be deter-
mined.PAM14 Binding Site
PAM14 is the first characterized protein partner of
MRG15 and binds the MRG domain with strong affinity
(Leung et al., 2001) (B.R.B. and F.A.Q., unpublished
data). Previous work suggested that aA is important in
PAM14 binding (Leung et al., 2001). Based on this previ-
ous work, a point mutation, V169E, located directly in the
middle of aA, was constructed and was found to com-
pletely abolish PAM14 binding (Figures 6A and 6C).
This suggests that this area of the MRG domain is critical
in mediating the MRG15-PAM14 interaction. Additional
point mutations, based on the above-described evolu-
tionary trace analysis, were constructed within cluster
1 (Figure 5) to determine their affects on endogenous
PAM14 binding. The mutation N215R, located at the
basal end of helix aC, caused a reduced affinity for
PAM14 binding (Figures 6A and 6C). An additional muta-
tion in the disordered loop between aB and aC, Y212A,
and a mutation in the center of aB, E195R, had no effecton PAM14 binding (Figures 6A and 6C). The above-
described results, in combination with previous work re-
garding the deletion of aA (Leung et al., 2001), confirm
that aA and at least a portion of cluster 1 (helix aC) are in-
volved in PAM14 binding. These areas are on opposite
faces of the MRG domain (Figure 6C). Based on these re-
sults, it’s not clear how PAM14 can interact with the two
faces simultaneously. One possibility is that PAM14 is
a C-shaped protein that ‘‘clamps’’ around the MRG do-
main and interacts with both aA and aC. This would
also explain the tight binding of PAM14 to the MRG do-
main. Another possibility is that PAM14 interacts with
a dimer of the MRG domain that would bring these faces
in close proximity. Indeed, preliminary biophysical data
suggest that one PAM14 molecule interacts with a pre-
viously uncharacterized dimer of the MRG domain
(K. Huang and F.A.Q., unpublished data).
In addition to testing the above-described mutations
on PAM14 binding, MRGBP binding was analyzed with
X-Ray Structure of the MRG Domain
157three MRG15 mutants, V169E, E195R, and Y212A. It was
found that its interaction with the MRG domain was not
affected by these mutations (Figure 6B), further support-
ing the notion that aF is the major interaction site
for MRGBP. Cotransfection of a 6-His-tagged mouse
mSin3A plasmid with the mutants V169E, E195R, Y212A,
and N215R also demonstrated no loss of binding (data
not shown).
Conclusions
To our knowledge, we have thus presented here the first
structure for a prototypic MRG domain. Unexpectedly,
the three-dimensional architecture of this domain is
strikingly similar to the CB domain of the recombinases
XerD and Cre, members of the integrase family of tyro-
sine site-specific recombinases. This structural similar-
ity suggests a previously undetected binding potential
of the MRG proteins for DNA. The similarity of protein
molecules described here is also illustrative of the pro-
cesses of protein evolution and the conservation of pro-
tein modules throughout the various kingdoms. ET anal-
ysis on the MRG family of proteins has revealed a cluster
of class-specific residues that contains potential binding
sites for protein partners. The ET analysis in combination
with the crystal structure was used as a basis for site-
directed mutagenesis studies that identified the areas on
the MRG domain in which both PAM14 and the MRGBP
bind. The MRG domain structure serves as a framework
for future studies in unraveling the molecular basis of the
roles of MRG-containing proteins in chromatin remodel-
ing, transcription, and cell cycle regulation, an area of in-
tense study in various model systems.
Experimental Procedures
MRG Domain Expression, Purification, and Crystallization
The DNA sequence corresponding to the MRG domain of MRG15
(residues M151–V323; MW 20 kDa) was amplified by PCR and
cloned into the pET41 expression vector. Protein was expressed
in E. coli BL21 (DE3) cells at 16ºC for 24 hr after induction with 0.5
mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cells were lysed
with five passes through a French press, and the protein was puri-
fied to near homogeneity by using a glutathione Sepharose column.
Proteolysis to remove the GST tag was performed at 25ºC for 24 hr
with 2 U/ml enterokinase. The protein was further purified on an HQ
column, as well as a Pharmacia S75 gel filtration equilibrated in 300
mM NaCl, 2 mM EDTA, and 10 mM Tris (pH 8.0). Selected fractions
were pooled and concentrated to 15–20 mg/ml. The protein was
crystallized at 25ºC by using the vapor diffusion method, with the
drop consisting of a 1:1 ratio of the stock protein solution and a res-
ervoir solution of 15%–22% PEG 10K and 100 mM sodium caco-
dylate (pH 6.0–6.6). Prior to data collection, the crystals were placed
in increasing percentages of glycerol in the crystallization solution to
a final concentration of 30% glycerol and were flash frozen in liquid
nitrogen.
Structure Determination
A three-wavelength data set from a crystal of selenomethione-
substituted protein (purified as described above) was collected on
beamline BM-19 at the SBC-CAT at the Advanced Photon Source
(APS) at the Argonne National Laboratory. Data were processed
with HKL2000 and were merged with SCALEPACK (Otwinowski
and Minor, 1997). The crystals have two molecules in the asymmetric
unit and belong to the rhombohedral space group R3 with unit cell
dimensions a = b = 111.2 A˚, c = 84.7 A˚, and a = b = 90º, g = 120º.
The positions of four of the eight SeMet sites in the two molecules
were determined by using the direct methods program SnBv2.1
(Hauptman, 1997) with data collected at the SeMet inflection point.
An additional two sites were found from residual maps calculatedin SHARP (De La Fortelle and Bricogne, 1997). MAD phases were
calculated to 2.8 A˚ resolution by using SHARP and the peak and in-
flection point wavelengths data sets. The calculated electron den-
sity map was solvent flattened with DM in the CCP4 Package
(CCP4, 1994) and used to buildw85% of the total residues by using
O (Jones et al., 1991). The model was refined in CNS (Bru¨nger et al.,
1998) interspersed with model building and fitting of water mole-
cules. A total of 310 out of 346 residues (90%) (158/173 in the A mol-
ecule and 152/173 in the B molecule) were ordered within the asym-
metric unit. In both molecules, residues 151–154, 202–210, and 322–
323 were disordered. In addition, residues 155–156, 211–212, and
320–321 were disordered in the B molecule. The current model, re-
fined at 2.3 A˚ resolution against a data set collected at beamline
19ID at the SBC-CAT and processed with HKL2000 and scaled
with SCALEPACK, has an Rcryst of 23.6% and an Rfree of 26.9%
(Table 1). The model has good geometry, with all of the backbone di-
hedral angles in the most favored or allowed regions.
Plasmid Constructs and Construction of Point Mutants
The histidine-tagged mouse mSin3A expression vector (pME18S-
His-mSin3A) was a gift from Drs. R.N. Eisenman and S. Cowley
(Fred Hutchinson Cancer Research Center, Seattle). Human PAM14
expression vector (pcDNA3.1[+] hPAM14) was reported by our group
previously (Leung et al., 2001). To generate the Myc-tagged human
MRGBP expression vector for use in mammalian cells, the MRGBP
cDNA was amplified by PfuUltra DNA polymerase (Stratagene,
#600380) from Human Fetal Brain Marathon-Ready cDNA (Clontech,
#639302) and introduced into pcDNA6 Myc/His A (Invitrogen).
Cloned cDNA was sequenced to confirm that the cloned hMRGBP
was the same as that deposited in GeneBank (NM_018270). Point
mutations in HA-tagged human MRG15 were constructed with
pcDNA 3.1(+) hMRG15HA as a template for PCR mutagenesis by us-
ing PfuUltra DNA polymerase. After PCR amplification, fragments
were digested by BamHI and XbaI and were ligated into pcDNA
3.1(+). All constructs were verified by sequencing.
Cells, Cell Culture, and Transfection
HeLa cells (cervical carcinoma-derived cells) were maintained in
EMEM medium (Invitrogen) supplemented with 10% fetal bovine se-
rum (Hyclone) and 13 nonessential amino acids (Invitrogen). For
transient transfection experiments, 8 3 105 cells were plated in 60
mm tissue culture dishes and transfected the next day with Lipofec-
taminePlus (Invitrogen), in accordance with the manufacturer’s in-
structions.
Immunoprecipitation
HeLa cells were transfected with a C-terminal, HA-tagged wild-type
or mutant MRG15 construct (pcDNA 3.1 MRG15HA) together with
His-mSin3A, MRGBP-Myc, or PAM14 expression plasmids. In
some cases of PAM14, no cotransfection was done, as the endoge-
nous protein was detected. After 24 hr, the cells were lysed in 0.5 ml
lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 10%
glycerol, and 1% NP-40) supplemented with a protease inhibitor
mixture (Calbiochem) and were clarified by centrifugation. The ly-
sates were precleared with 30 ml ImmunoPure Protein A or G agarose
(Pierce). A total of 2 mg rabbit anti-HA (Santa Cruz, Y-11, sc-805) or
mouse anti-HA (Roche, 12CA5, #11583816001) antibody was added
to the precleared lysates and kept at 4ºC for 3 hr. Antigen-antibody
complexes were obtained by adding 30 ml Protein A or G agarose for
1 hr and washing with lysis buffer. The precipitates were applied to
SDS-PAGE and transferred to a nitrocellulose membrane, followed
by immunoblot detection. The following antibodies were used for
Western blot analysis: rabbit anti-HA (sc-805, 1:1000), mouse anti-
HA (12CA5, 5 mg/ml), rabbit anti-His (Santa Cruz, H-15, sc-803,
1:100), mouse anti-Myc (Invitrogen, #46-0603, 1:5000), and rabbit
anti-PAM14 (1:1000).
Evolutionary Trace
A multiple sequence alignment of all of the MRG domains from all
of the MRG family members was generated with CLUSTALW
(Thompson et al., 1994) at http://www.ebi.ac.uk/clustalw/. The evo-
lutionary trace was run by using the Evolutionary Trace Server
(TraceSuite II) (Innis et al., 2000) at http://wwwcryst.bioc.cam.ac.uk/
wjiye/evoltrace/evoltrace.html.
Structure
158Figure 1A was generated with CLUSTALW and BOXSHADE pro-
grams from the SDSC biology workbench at http://workbench.sdsc.
edu/index.html. All ribbon diagrams and space-filling models were
computed by using PyMol (http://www.pymol.org) as a renderer. All
representations of the MRG domain were made with the A molecule.
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